Laser induced streaming is one of the interesting phenomena. When we provide a highly concentrated energy in a small region with laser beam, an induced streaming, such as micro shock wave or laser induced thermal acoustics is observed in the region. In the present paper, a micro shock wave in air which was induced by laser irradiation was observed by the optical techniques. The shock wave was generated on the metal surface due to the laser ablation. In the present experiment, we focused on a relatively low irradiation intensity region. As the laser power decreased, the plasma plume was not observed clearly on the metal target, but a strong micro shock was still induced. The trajectory of shock front was recorded with the shadowgraphic measurement and the Mach number was calculated experimentally. Alternatively, the induced density behind the shock wave was measured by speckle photographic technique. The shock Mach number and density distribution was analyzed and discussed with self-similar theory.
Introduction
It is important technique to supply a high energy into the very small region in a lot of working fields. When we feed high energy into a local test area, we can cause a particular process in this region, such as a phase change of materials, rapid molecular translation or transition, remove or delivery of small particles, etc. The most powerful tool to feed such high energy may be a laser irradiation, where a shock wave produced by the irradiation will be effective on the molecular transition, transport phenomena, or control of medium. In the present paper, a laser shock wave induced by the interaction between laser light and metal was studied experimentally. Especially, the shock propagation was observed with optical method and its strength was discussed in detail.
A feeding of high power laser is seen in the manufacturing works such as laser cutting or laser welding, etc.
(1) We can choose many kinds of laser system by using a different laser frequency, power, duration time, and repetition for the specified purposes. Hereby, there are many kinds of applications in practical use and research, e.g. laser hardening, bonding, welding, cutting, drilling, alloying, laser peening (2) - (4) and laser thruster (5)- (7) . These applications can be classified into two categories with laser intensity, 0 I and duration time of the processing, d t . These processes are related to the metal melting, vaporization, ablation, and production of plasma. In the general working process, the phase change in the process depends on d t . Roughly classifying (1) , when d t >10 -2 s, the metal melts in the working process. When the laser energy was supplied to the material in short time, the metal will evaporate or ablate. Typically, in such working process, a laser with short duration time is used. When one use a laser with very short duration time, the metal will take place Vol. 3, No. 8, 2008 ionization, then plasma will be produced in the working space. A non-equilibrium and non-linear phenomena will take place in such case.
In the present study, we focused on the laser shock generation under the relatively low irradiation power input in a small working region. To develop the laser shock technique or design the application devices, it is important to know the initial energy input to generate the shock wave. We discussed the induced shock strength and the energy conversion efficiency of shock generation. It was attempted to produce a laser shock wave on the metal surface and carried out the flow visualization. The shock Mach number was calculated from the shadowgraph images. The shock strength was related with laser absorption coefficient of the materials, thus the energy conversion efficiency was estimated from the self-similar theory of blast wave. 
Nomenclature

Laser shock generation
Laser shock has been investigated in a metal processing i.e. laser processing, laser shock peening, and in laser shock thruster, and so on. In order to study the laser shock, we have to know the physical process on the metal surface as an interaction with laser and metal. A lot of investigation related with these physics has been carried out in material processing. One of useful technique by using a shock is laser shock peening. The laser shock peening (LSP) is an innovative technique to release the residual stress for improving fatigue. The feature of this treatment is based on a mechanical effect instead of heating relaxation process. In this process, plasma is produced by the laser irradiation, so the plasma induces a shock wave in the metal and ambient gas. In the recent processing technique, a coating material is used to increase the peening effect. On an irradiation of strong pulsed laser on a metal surface, a metal evaporation is took place. The laser power more than 10000 GW/m 2 is required for the laser shock peening (2) - (4) . In this process, the metal is prevented from the ablation with a coating film. After the irradiation, the induced plasma on the metal surface expands and the succeeding shock wave propagates in the metal and ambient fluid. When the ambient is a gas, the pressure of plasma reaches 1GPa or more. On the other hand, when the ambient fluid is water, the plasma is confined in the water, the pressure may reaches about 5 times of that in gas. Recently, laser shock wave is utilized as a thruster of small machine and a driving source of small particles. In our previous experiments, an external shock which was generated by laser gas breakdown (8) was studied.
Then, a laser shock on a stainless steel, titanium, aluminum and brass with 0.3 mm thickness was investigated experimentally (9) . In that experiment, a strong Nd.YAG laser was used. The wave length and its power were 1064 nm and 450mJ/pulse, respectively. In this paper, a micro shock wave which was generated on a metal surface like LSP was observed with shadowgraphic visualization. We used a titanium plate as a target. According to the theory of electromagnetic waves, when the laser light propagates in metal, the propagating light intensity, I is described by the following Beer-Lambert equation (10) ..
where, z is depth of metal. 0 I and 1 I are the incident and transmitted intensities on the metal surface, respectively. α and β are extinction and reflection coefficients, respectively. Here, we assumed one-dimensional propagation for the simplification of the problem.
α and β are derived from the Maxwell's equations. These are related with complex index of refraction, n .
Where, µ , 0 ε , σ , ω and c are magnetic susceptibility, permeability, and conductivity of metal, laser angular frequency, and light speed, respectively. The penetration depth, i.e. skin depth, δ is represented by the next equation.
The electromagnetic properties of titanium are presented in Table 1 . Due to the absorption of the laser energy, the metal takes place evaporation at the surface. By the emission of the metal molecule, a shock wave propagates in the metal. On the other hand, if the laser intensity is sufficiently high, the emitted molecules will take place ionization, thus the plasma will be induced in the ambient gas. The velocity of the plasma reaches up a several thousands m/s. By expansion of the plasma gas, a shock wave induced in the gas phase. The shock strength depends on the energy transfer from the plasma. Figure 1 shows the schematic diagram of experimental apparatus. The target metal plate is titanium of 100 µm thickness. A pulsed laser was delivered from right side. The wave length and maximum power of the irradiation laser are 532 nm and 50 mJ/pulse, respectively. The irradiation intensity was changed with power controller and cross section of laser focusing. The laser output was measured with a power meter (Ophir, PE-25). The irradiation intensity, 0 I was changed from 640 to 14900 GW/m 2 (see Table 2 ) and adjusted in an error of 2% for each shot. As shown in Fig.1 , a micro shock wave was observed with shadowgraph technique. The temporal shock speed was measured with the shadowgraph images through the repeated image acquisition. For this observation, another Nd:YAG laser was used. Its power was also 50 mJ/pulse and wave length 532 nm. The images were captured with a CMOS camera (IDT, XS-5). In the present experiment, the observation was carried out at 0.01 µs to 1.0 µs after the laser irradiation with 0.01 µs step for t <0.1 µs and 0.1 µs step for 0.1 µs t < 1 µs. For the shock speed measurement, 10 times of observation were carried out at least for each condition. Observation area was 1.5 × 1.5 mm. We have to pay attention to determine the shock front due to the ambiguity of the shock image. The ambiguity of the shock front was 2 or 3 pixels in the images. The maximum error of this determination for the shock image was about 3 µm. Figure 1(b) shows the speckle photography technique for quantitative measurement of density field. The layout is fundamental one of speckle photography, which is similar to the background oriented schlieren (BOS) technique (11) . 4. Experimental result Figure 2 shows the laser shock propagation at the laser irradiation intensity, 0 I =640, and 1270 GW/m 2 from t =0.1 to 0.5 µs. The shadowgraph images include many speckle noises due to laser coherency. In order to reduce those noises, we processed the flow images by calibrating with the reference image. Dividing the flow image intensity by the reference one, we can obtain the improved flow images without noticeable speckle noise. After this arithmetic operation, the image contrast was adjusted.
Experimental Apparatus
Shadowgraphic Observation
From the processed images, shock front is observed clearly. As described above, one of purposes in the present measurement is the flow inspection in a very small region. As shown in the photograph, the flow was visualized in sub-millimeter area. The image of shock front shows that the thickness of the front is less than 30µm. The configuration of the shock front was not spherical completely, of course, since the initial volume of energy source is not infinitely small compared with observation area. Therefore, we measured the two representative speeds of shock wave, i.e. normal to the target surface and tangential to it. In order to measure two speeds, a normal position, n S R and a tangential one, t S R was measured from the images. The temporal variation of shock front positions, n S R and t S R are shown in Fig. 3 . The shock configuration is not self-similar. In the initial stage, a planer shock wave should be observed near the beam spot, finally, the configuration will approach to the spherical one. Therefore, the shock shape may show a transient property from Fig. 3 (a) for the corresponding condition, that is, the tangential shock speed is slower than that in normal direction. The shock Mach numbers, n S M and t S M were calculated from these data by fitting data with logarithmic approximation. Figure 4 shows the shock Mach numbers in normal direction, Figure 5 shows the flow images at the laser irradiation intensity, 0 I =640, and 1270 GW/m 2 from t =0.1 to 0.5 µs, which were obtained with speckle photographic technique. A pair of the reference image without flow and the flow image was acquired successively. By subtracting these images, we can obtain the cross correlation image between them for flow visualization. The images in this figure show such correlation images in the field. We can see shock appearance in these images. Figure 6 shows the corresponding images in shadowgraph method and speckle photographic technique at 0 I =1270 GW/m 2 and t = 0.7 µs. Because of including speckle in speckle photography, the subtracted images should be improved with suitable image processing. Here, we used a usual averaging technique in 21 x 21 pixles. Fundamentally, the intensity distribution in shadowgraph image indicates the 2nd derivative of density field, and the correlation image obtained with speckle photography indicates density gradient. It is very difficult to carry out the quantitative measurement in very small region as the present case. So, the speckle photography is very effective for such investigation despite of very simple optical setup.
Speckle Photography
Vol. 3, No. 8, 2008 Figure 7 shows an example of the density gradient, which was obtained by the correlation calculation between the flow image and reference image. In the correlation calculation, the shock wave was neglected in the analysis. For the discontinuous density analysis, such as shock wave, the density field should be connected with jump condition. In our case, the density discontinuity may have to be calculated with Rankin-Hugoniot condition, however, in this paper, we estimated the density without discontinuous condition.
The density distribution was reconstructed from the density gradient. Since the density gradient was calculated with spatial correlation in speckle photograph, we can obtain the spatially averaged density distribution. We reconstructed the density field from two images with cross correlation calculation. Figure 8 shows the density field, which was reconstructed by assuming the axisymmetric distribution around the center axis of the irradiation laser. The density fields were reconstructed in fair accuracy in spite of insufficient spatial resolution. Below these images, instantaneous shock Mach number, the maximum density ratio, and density ration that was calculated from Rankin-Hugoniot relation for respective time. For t = 0.1 µs, there is a large difference between them, however, in the other cases, it was found that the measured density shows a good agreement within 10% accuracy.
Self-Similar Analysis
If we know the shock Mach number at any instance, we can calculate the state of gas behind the shock wave by assuming a self similarity for the shock propagation. Then, the internal and kinetic energy of the gas is able to be estimated. Finally, we can determine the energy transfer coefficient and deduce the physical process on metal surface. For this sake, a self-similar analysis and numerical analysis are available. The latter is effective to obtain the detailed distribution behind a propagating shock wave. However, we have to know the suitable initial condition to calculate the specific shock Mach number. Even if the initial input energy was given, it will be needed to make hard effort to clarify the initial process of shock generation from the given condition due to the initial singularity at the energy source area such as initial energy discontinuity and strong non-equilibrium energy transfer in a very small region. Therefore, we will analyze the gas state behind the shock wave with a self-similar theory by Taylor and Sedov (12) , (13) . Assuming the geometrical similarity for a plane, cylindrical and spherical blast wave, it can be analyzed in a self-similar coordinate with the similarity parameters, / across the shock front. 
Here, θ is 0, 1, and 2 for plane, cylindrical and spherical blast wave, and 0 K =1.697
for θ =0, which is related to the integral of total energy of gas. The total energy of blast wave, bw E , which was transferred from the laser light to gas is obtained by the next integration.
For a given bw E , the shock speed, S U is determined with self-similarity assumption and the distribution of gas state behind the shock wave can be estimated. Conversely, if we know the shock Mach number at any instance, we can deduce the amount of energy source, bw E from the self-similar analysis. In the present paper, we assumed that the micro shock wave is planer or spherical in the beginning of shock generation. Thus we calculated the energy transfer coefficient from irradiation laser to shock wave from the experimental shock Mach number, Ms at t =0.2µs. The energy transfer coefficient η bw is defined as the next equation (12) .
Where, 0 J is irradiation laser energy. In the present study, we estimated bw η for θ =0 and 2. We have to note that bw E has units of J/m 2 for θ =0, and J for θ =2. Figure 9 shows the estimated η bw for 0 I . For planar shock assumption, bw η decreased as 0
I
increased. For spherical shock assumption, the tendency is vice versa. The shock propagation is not self-similar completely, so the estimated value of bw η does not consistent through all observation time. In other words, estimated value of bw η depends on the instant shock Mach number under the self-similar assumption.
Ultimately, we have to analyze the unsteady process by taking all unsteady waves diagram into account. However, the current simply estimation gives us the primitive understandings over all process. As shown in this figure, even if the shock wave was planar or spherical, the energy conversion efficiency is of order of 0.2. When 0 I was high, the value of bw η based on both assumptions shows a comparable level.
We can conclude that the energy transfer coefficient is fairly high in the present experimental condition regardless of the relatively low irradiation laser intensity.
Conclusion
Experimental analysis of the micro shock waves which was induced by laser irradiation on a metal plate was carried out. The study was performed at relatively low irradiation propagation was observed in a very short time within 1.0µs. The shock images were acquired with laser shadowgraphic technique, then its position and Mach number were calculated from the images. It was found that the induced shock wave Mach number was relativity high and larger than 7 at 0.1µs after the laser irradiation. Also, a quantitative measurement with speckle photography technique was carried out. A trial estimation was carried out to obtain the density distribution on assuming the axisymmetric flow. The obtained density shows a good agreement with self-similar solution. Finally, we estimated added blast wave energy source with self-similar analysis, where it was assumed that the shock wave was planer or spherical. The energy conversion efficiency from irradiation laser to shock wave is of order of 0.2. It was conclude that the energy transfer coefficient is fairly high in the present experimental condition regardless of the relatively low irradiation laser intensity.
